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the determination of forecast ‘‘goodness’’ into three sep-
arate measures. First, a determination is made about how
consistent the results match an expert forecaster’s best
judgment as to what will happen in these circumstances.
Second, the quality of how well the forecast matches what
actually happened is determined. Finally, the value of a
forecast is measured by determining how well it helps a
decision maker obtain some benefit. There are numerous
aspects to forecast quality. Among them are bias, accuracy,
skill, reliability, and resolution. Traditionally accuracy and
skill are the leading aspects of determining model quality
with the other aspects contributing significantly to the
model’s value.
[14] The meteorological community has developed an

extensive set of tools for measuring the accuracy of pre-
dictions, the majority of which are reviewed by Stanski et
al. [1989]. The simplest category of forecast is for events
that have a ‘‘Yes’’ or ‘‘No’’ outcome, e.g., ‘‘Will it rain
tomorrow?’’ or ‘‘Is a spacecraft outside the magneto-
pause?’’ Analysis of these dichotomous forecasts begins
with a contingency table, shown in Table 1, which
accounts for the four possible combinations of yes/no
events for forecasts and observations.
[15] In Table 1, H is the number of hits, F is the number

of false alarms, M is the number of misses, and N is the
number of correct negatives. A hit represents a forecast
event which did occur while a false alarm is a forecast
event which did not occur. A miss represents an event
which did occur which was not forecast while a correct
negative represents no event occurring with a correct
forecast. FY is the total number of Yeses forecasts and is
the sum of hits and false alarms. The total number of
forecast Nos, FN, is the sum of misses and correct negative
forecasts. The total number of observed Yeses, OY, is the
number of hits plus the number of misses. ON is the total
of observed Nos, which is the sum of false alarms and
correct negatives. As a final check the sum of FY and FN
must equal the sum of ON and OY which is the total
number of events in the data set.
[16] We can use the contingency table to calculate a

number of different measures that assess the model’s
ability to forecast correctly. Among these is accuracy
(A)

A ¼ H þN
T

which is a simple measure of the fraction of the correct
forecasts. It ranges from 0 to 1 with 1 being a perfect score.

It is fairly intuitive to use, but the results can be
misleading since it is heavily biased by the most common
situation of correct forecasting of No events.
[17] Model bias (B)

B ¼ H þ F
H þM

compares the forecast frequency of Yes events to the
observed frequency of Yes events. It ranges from 0 to
infinity with 1 being a perfect score. It indicates whether
the model has a tendency to under forecast (<1) or over
forecast (>1) events. It provides no measurement of how
well these forecasts correspond to the observations.
[18] Probability of detection (POD)

POD ¼ H
H þM

measures the fraction of observed yes events which where
correctly forecast. It ranges from 0 to 1 with 1 being a
perfect score. This measure is good for rare events, but it
can be artificially improved by issuing more yes forecasts
to increase hits. It should be used in conjunction with the
false alarm ratio (FAR)

FAR ¼ F
H þ F

which measures the fraction of predicted Yes events that
did not occur. It ranges from 0 to 1 with 0 being a perfect
score. It is sensitive to the climatological frequency of the
event.
[19] The probability of false detection (POFD)

POFD ¼ F
N þ F

measures the fraction of No events that were incorrectly
forecast as Yes events. It ranges from 0 to 1, with 0 being a
perfect score. It is similar to the POD except in this case it
can be improved by issuing fewer Yes forecasts and so
needs to be used with the POD in order to truly assess the
model’s capabilities.
[20] In addition to these basic ratios of values in the

contingency table a variety of threat scores are used to
make quantitative determinations which can be compared
between various models for a given interval of interest.
The critical success index (CSI), or threat score (TS)

CSI ¼ TS ¼ H
H þM þ F

measures the fraction of observed or forecast events which
where correctly predicted. It ranges from 0 to 1 with a
perfect score being 1 and 0 indicating no skill. It can be
thought of as accuracy with correct No events removed. It

Table 1. Standard Contingency Table for Dichotomous
Forecasts

Forecast/Observations Yes No Total

Yes H F FY
No M N FN
Total OY ON T
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Table 1. Geospace Events Studied in the Validation Activitya

Event # Date and Time Min (Dst) Max (Kp)

1 29 October 2003 06:00 UT–30 October 06:00 UT –353 nT 9
2 14 December 2006 12:00 UT–16 December 00:00 UT –139 nT 8
3 31 August 2001 00:00 UT–1 September 00:00 UT –40 nT 4
4 31 August 2005 10:00 UT–1 September 12:00 UT –131 nT 7
5 5 April 2010 00:00 UT–6 April 00:00 UT –73 nT 8–
6 5 August 2011 09:00 UT–6 Aug 09:00 UT –113 nT 8–

aThe last two columns give the minimum Dst index and the maximum Kp index of the
event, respectively.

to GIC. Initial steps toward this goals have been taken
both on the empirical and first-principles based modeling
fronts [e.g., Weigel et al., 2003; Wintoft, 2005; Weimer et al.,
2010; Pulkkinen et al., 2009; Zhang et al., 2012]. The next log-
ical step is to transition the new scientific capability into
an operational setting, which is the primary motivation of
the work at hand.

[3] Understanding model capabilities to reproduce
observed features in the signal of interest is a key ele-
ment of space weather monitoring and forecasting. Quan-
tification of the model performance becomes critical as
one moves from the research to operational environment
where inaccurate model estimates and misleading error
bars can potentially lead to poor and costly decisions
by the end user. Consequently, detailed model valida-
tion tests for model robustness and general quality checks
(e.g., model response to bad input data) are a central part
of model transition to operations and of general interest to
operational space weather forecasting entities.

[4] Acknowledging the importance of rigorous model
validation and building on the earlier reports on the
topic [Pulkkinen et al., 2010, 2011; Rastätter et al., 2011],
as well as the excellent work on geospace model val-
idation conducted under the auspices of the Geospace
Environment Modeling (GEM) Metrics and Validation
Focus Group, NOAA’s Space Weather Prediction Center
(SWPC) requested the Community Coordinated Model-
ing Center (CCMC) to evaluate geospace models avail-
able at the CCMC for possible transition to operations.
This effort included the participation of model develop-
ers, as well as the CCMC, SWPC, and through GEM, the
broader scientific community. Planning and discussions
with modelers and the scientific community were held
at GEM-sponsored meetings, the annual Space Weather
Workshop in Boulder, and at meetings of the American
Geophysical Union. One benefit of building on previous
work done by the GEM Geospace Environment Modeling
Challenge is that, over time, we will be able to track model
improvements, as new and improved versions of existing
models or new models are delivered to the CCMC.

[5] The definition of the validation setting, selection of
metrics, and the general validation process were discussed
comprehensively and agreed as the work progressed over
the past approximate 2 years. All intermediate results
of the analyses carried out by CCMC were communi-
cated to the community and modelers, and it was made
certain that the model installations and tools at CCMC

were acceptable to all participating groups. Generally, the
validation process was made as transparent as possible
including early communication of NOAA SWPC criteria
for selecting models entering the transition process.

[6] In contrast to earlier GEM efforts on the topic, the
focus of the latest model validation effort was to study
the models’ capability to reproduce the observed “dB/dt
events,” i.e., rapid fluctuation of the ground magnetic
field. The primary argumentation for studying dB/dt is
that the time derivative of the ground magnetic field
(referred to as “dB/dt”) can be used as an indicator for the
level of geomagnetically induced electric field or geoelec-
tric field, on the surface of the Earth [e.g., Viljanen et al.,
2001]. The geoelectric field, in turn, is the primary physi-
cal quantity driving GIC. Consequently, although numer-
ous additional complexities such as ground conductivity,
conductor system configuration, and other engineering
details including high-voltage power transformer design
are critical for more detailed assessment of the threat,
dB/dt can be used as an indicator for a potential GIC haz-
ard. Further, if data from an upstream monitor such as
NASA’s Advanced Composition Explorer (ACE) is used to
produce dB/dt, one can generate short lead time (15–30
min) forecast estimates of the potential hazard.

[7] The structure of the paper is as follows. In section 2
of the paper, we will describe the setting used in the val-
idation effort. Section 3 details the metrics used in the
quantification of the model performance, and in section 4,
each participating model is summarized. The main results
of the validation effort are reported in section 5. Finally,
section 6 provides a brief discussion of our findings.

2. Validation Setting
[8] Six geospace storm events listed in Table 1 were cho-

sen for the study. We note that although the number of
events may seem small, the amount of effort required
for analysis of individual events including verification of
good quality simulations and processing of observational
data did not allow larger sample size. Four of the events
(events 1–4 in Table 1) were used in the earlier GEM Chal-
lenges [Pulkkinen et al., 2010, 2011; Rastätter et al., 2011]
and two new “surprise events” not communicated to the
modelers prior to the model and model setup delivery to
CCMC were added to the list. The two new events were
selected jointly by CCMC and NOAA SWPC scientists.
Solar wind bulk plasma and the interplanetary magnetic
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Figure 2. The locations and the station codes of the geomagnetic observatories used in the
study. Geomagnetic dipole coordinates are used. Thick and thin circles indicate high-latitude
and mid-latitude stations, respectively, used in the final analyses in section 5.

during active periods [Tanskanen et al., 2001; Pulkkinen and
Engels, 2005]. While ideally also the internal contribution
should be taken into account, more detailed geomagnetic
induction calculations require information about the local
ground conductivity structure not known for the stations
used in this study. As the majority of the observed dB/dt
(horizontal components) come from the external sources,
we do not believe exclusion of the internal part of the field
for fist-principles models affects the central results of this
paper.

[13] Six stations were selected out of the original 12
GEM Challenge stations to represent the high-latitude
and mid-latitude locations. The selected high-latitude sta-
tions are PBQ/SNK, ABK and YKC and mid-latitude sta-
tions WNG, NEW, OTT (see Table 1 and Figure 2). The
selected six stations represent all three meridional chains
used in the earlier Challenges and have equal weight on
mid- and high-latitude locations. No observed data was

available for station ABK for event 5. Although all 12
stations are available for both observation and model pre-
diction data sets and can be viewed via CCMC’s online
model validation interface, only the above six stations are
used in the results discussed in section 5.

3. Selected Metrics
[14] Based on the earlier GEM Challenge experiences

and operational needs in terms of dB/dt prediction
capability, it was agreed that the model validation should
be built on event-based analyses. An event is defined
here as follows: within a forecast window 0 ! t ! tf ,
the absolute value of the parameter of interest exceeds
an event threshold |xthres| (here dB/dt). The windows are
moved over the time series in non-overlapping segments,
and events for the given tf and |xthres| are recorded for both
the measured and the modeled x. By comparing threshold
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• 20-minute	Ime	window	
• 1-minute	mag	data	
• 4	thresholds	(0.3,	0.7,	1.1,	1.5	nT/s)	

• 6	magnetometer	staIons	
• 6	real-world	events	
• Test	both	mid-	and	high-lats	



Current Metrics Are Useful!


Default	 Hi-Res	



Current Metrics Are Limited!

Lack	of	detailed	performance	informaIon	
• No	informaIon	about	spaIal	dynamics	except	mid/high	lat	groups.	
• No	informaIon	about	spaIal	“near	misses”.	
• No	informaIon	about	performance	as	a	funcIon	of	acIvity	strength.	
• No	informaIon	about	performance	as	a	funcIon	of	acIvity	type.	

Current	events	favor	moderate	acIvity	
• Average	minimum	DST	=	-141nT.	
•  Extreme	events	are	a	focus	of	the	research	community.	

1-minute	Ime	resoluIon	can	miss/underesImate	dB/dt	peaks	during	
strong	driving	

Our	goal:	Agree	on	achievable	next-steps	for	dB/dt	valida7on.	



dB/dt Valida5on Improvements

Expand	number	of	magnetometers	to	as	
many	as	possible	for	each	event.	

Want	to	cover	broader	range	of	local	Imes.	
SIll	discussing	this	point	for	paper.	

Increase	data	resoluIon	to	10s.	
80%	of	SuperMAG	magnetometer	data	
sources	will	be	retained.	
1s	data	is	sIll	too	rare	to	be	leveraged.	

Bin	by	MLT	( ,	 ,	 ,	 )	
and	examine	strongest	dB/dt	within	a	
region.	

Compare	any	observed	peak	in	bin	to	any	
modeled	peak	in	bin	to	account	for	near-
misses.	



•  Storm	sudden	
commencements	

•  Substorms	
•  Ring	current	intensificaIons/
storm	main	phase	

Segregate by Ac5vity Type


•  Other	pulsaIons	
•  Quiet	&	recovery	Ime	periods	

Future targets:




Iden5fying New Events


Start	Date	 Dura7on	 Notes	 Score	
March	13th,	2015	 ~2	Days	 St.	Patrick’s	Day	Storm	
Nov.	7th,	2004	 ~2	Days	 Super	storm	
March	30th,	2001	 ~1.5	Days	 Super	storm	
March	17th,	2013	 ~1.5	Days	 St.	Patrick’s	Pocket	EdiIon	
April	6th,	2000	 ~1.5	Days	 Includes	extreme	substorm	
July	22nd,	2004	 ~7	Days	 Unique	triple-storm	
May	5th,	2005	 ~1	Day	 Strong,	short	storm	

Survey	sent	out	to	dB/dTeam	to	decide	on	two	of	these	events,	provide	comments.	



Iden5fying New Events


Start	Date	 Dura7on	 Notes	 Score	
March	13th,	2015	 ~2	Days	 St.	Patrick’s	Day	Storm	 +12	
Nov.	7th,	2004	 ~2	Days	 Super	storm	 +4	
March	30th,	2001	 ~1.5	Days	 Super	storm	 +1	
March	17th,	2013	 ~1.5	Days	 St.	Patrick’s	Pocket	EdiIon	 +4	
April	6th,	2000	 ~1.5	Days	 Includes	extreme	substorm	 +6	
July	22nd,	2004	 ~7	Days	 Unique	triple-storm	 +8	
May	5th,	2005	 ~1	Day	 Strong,	short	storm	 +4	

Survey	sent	out	to	dB/dTeam	to	decide	on	two	of	these	events,	provide	comments.	



St. Patrick’s Day Storm 
March 17, 2015


• Only	event	that	was	”easy”	decision	
with	strong	consensus.	
• Contemporary	event	with	good	data	
coverage,	1s	mag	data,	VA	Probes,	
etc.	
•  “[…]	only	significant	storm	from	solar	
cycle	24	[…]”	
•  Impact	over	North	America	and	
Europe.	



Triple Storm 
July 22nd – 29th 2004


•  Triple-storm	event	with	growing	
intensity.	
• Challenges	models	in	unique	way	via	
prolonged	simulaIon.	
•  “[…]	great	case	for	examining	
hysteresis-type	effects	[…]”	
•  “Large	differences	appear	at	ground	
magnetometers	depending	on	
longitude.”	
•  “It's	a	triple	storm!”	



Closing Thoughts on Valida5on

• These	recommendaIons	represent	the	immediate	next	steps	for	
enhancing	the	current	SWPC/CCMC	validaIon	suite.	
• Summary	manuscript	is	under	preparaIon	for	SWE	special	
collecIon.		
• ValidaIon	is	a	funcIon	of	user	needs.	
• Main	user	is	SWPC;	interest	is	mostly	in	dB/dt.	
• As	Egeo	becomes	focus,	ΔB	will	become	more	important.	

• TransiIon	from	dB/dt	to	ΔB	will	require	big	effort!	
• Binary	event	study	will	no	longer	be	relevant	methodology.	
•  Fundamental	reconsideraIon	of	metrics	&	validaIon.	

• CreaIng	validaIon	suites	is	a	process,	not	an	end	goal.	
•  SIll	open	quesIons	to	be	addressed,	including	definiIon	of	dB/dt	



dB/dt Valida5on Improvements 

CCMC	dB/dt	valida7on	team	
recommenda7ons	for	dB/dt:	

•  Expand	number	of	magnetometers	to	as	many	as	
possible	for	each	event.	
•  Increase	data	resoluIon	to	10s.	
•  Bin	by	MLT	(e.g.,	 ,	 ,	 ,	 )	
and	examine	strongest	dB/dt	within	a	region.	
•  Bin	by	acIvity	type	(substorm,	storm	sudden	
commencement,	main	phase)	
•  Expand	event	list	with	two	new	events.	
Find	more	informaIon	and	get	involved	at	
ccmc.gsfc.nasa.gov/assessment/topics/geospace-
dbdt.php	


